The b-value of the frequency-magnitude distribution and the parameters in the modified Omori law, describing the decay rate of aftershock activity, are investigated for more than 4000 aftershocks identified in the first four months after the Western Tottori earthquake (October 6, 2000) . We used the JMA data catalog, containing aftershocks with magnitude larger than or equal to 2.0. The studied area is first divided into three areas: one region (A) corresponding to the main aftershock area and other two (B and C) corresponding to seismic activity probably triggered by the stress change caused by the main shock. For region A, the magnitude of completeness (Mc) decreases with time, from the largest value of 3.2 in the first two hours of the sequence, to 2.0, about four days after the main shock. Taking the threshold magnitude as 3.2, we estimated the b-value for the whole region A to be about 1.3 and p-value around 1. However, highly significant variations in both b and p values are found when analyzing their spatial distribution in region A. The seismic activity in the regions B and C started about 2.5 days after the main shock. The b-value for region B (Mc = 2) is 1.05. The decay rate of earthquake activity in Region B is well modeled by the modified Omori law and the p-value is found to be relatively low (0.83). The number of events in region C is too small for a meaningful study. The physical interpretation of the spatial variation of the parameters is not straightforward. However, the variation of b-value can be related to the stress distribution after the main shock, as well as the history of previous ruptures. Thus, the relatively low stress in the regions that have already experienced rupture is probably responsible for the larger value of b found in these areas. Regions with relatively low b-value, on the other hand, are probably regions under higher applied shear stress after the main shock. Alternatively, one can hypothesize that the areas that experienced slip are more fractured, favoring higher b-values. The larger p-values correlate well with the regions that experienced larger slip during the main shock, while small p-values are found generally in regions that have not ruptured recently. The variation of p-value can be related with the frictional heating produced during rupture. The crustal structure may explain some local features of b and p value spatial distribution. In order to verify our hypothesis we also analyzed the seismic activity that occurred before the Tottori earthquake, starting in 1978, using the data of DPRI, Kyoto University. It seems that the previous seismic activity associated with some moderate events in 1989, 1990 and 1997 had an influence on the following seismicity in the area-in particular on the spatial distribution of b and p values observed for the aftershocks of the Tottori earthquake. The aftershocks of the 1997 M5.5 earthquake have a larger p-value than previous aftershock sequences, while the b-value has a clear increase following the M5.5 event.
Introduction
Aftershock sequences offer a rich source of information on the Earth's crust and source properties of large earthquakes, because a very large number of events occur over a short period of time in a small area. Aftershocks also pose a significant seismic hazard, which under certain circumstances can even exceed the main shock hazard. Two basic relations describe the aftershock activity, the GutenbergRichter law, which describes the power-law size distribution of earthquakes, and the modified Omori law, which describes the decay of the aftershock activity. The frequencymagnitude distribution (Gutenberg and Richter, 1944) describes the relationship between the frequency of occurrence Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences. and magnitude of earthquakes:
where N is the cumulative number of events having magnitude larger than and equal to M, and a and b are constants. The b-value has been observed to vary spatially as well as temporally. Recently, several studies revealed spatial variations in the frequency-magnitude distribution in various tectonic regimes (Wiemer and Benoit, 1996; Wyss et al., 1997; Wiemer and Wyss, 1997) , by using high-quality earthquake catalogs and a technique of high-resolution spatial mapping of the frequency-magnitude distribution. Many factors can cause perturbations in b from its standard value of about one. Increased material heterogeneity results in high b-values (Mogi, 1962a) , while an increase in the shear stress or decrease in the confining pressure (Scholz, 1968 , Wyss, 1973 decrease the b-value. In ad- dition, an increase in the thermal gradient may cause an increase in b-value (Warren and Latham, 1970) . The occurrence rate of aftershock sequences in time is empirically well described by the modified Omori formula (Utsu, 1957 (Utsu, , 1961 :
where n(t) is the frequency of aftershocks per unit time, at time t after the main shock. K , c and p are constants. The characteristic parameter p usually changes in value from 0.9 to 1.5, regardless of the cutoff magnitude. The variability in p-value may be related to the structural heterogeneity, stress and temperature in the crust (Mogi, 1962b; Kisslinger and Jones; 1991 , Utsu et al., 1995 . However, it is not yet clear which of these factors is most significant in controlling the p-value. The K -value is dependent on the total number of events in the sequence and c on the rate of activity in the earliest part of the sequence. The constant c is a controversial quantity (Utsu et al., 1995) . It is strongly influenced by the incompleteness of the catalog in the early part of a sequence. Careful analyses showed that the c-value is non-zero at least for some aftershock sequences. The parameters in the modified Omori formula can be estimated accurately by the maximum likelihood method, assuming that the seismicity follows a non-stationary Poisson process (Ogata, 1983) .
Here, we present a detailed analysis of the b-value of the frequency-magnitude distribution and the p-value of the modified Omori law, for more than 4000 earthquakes, identified in the first four months after the M7.3 (on JMA scale) Western Tottori earthquake that occurred on October 6, 2000 in southwest Japan. In the first part of our study, we analyze the variation of parameters in broad areas, while in the second part a detailed spatial analysis is performed. The third part of the study analyzes the seismic activity before the Tottori earthquake, in order to understand better the physical mechanisms of the variations of b and p values. The results we present are important not only for the source process of the Western Tottori aftershock sequence itself, but also for the basic understanding of the aftershock phenomenon. Previous studies found considerable spatial variability of b and p for different aftershock sequences (Kisslinger and Jones, 1991; Guo and Ogata, 1997) . Wiemer and Katsumata (1999) found significant spatial variation within one aftershock sequence for Landers, Northridge, Morgan Hill and Kobe aftershocks. More work has to be done, however, in order to understand the variation patterns and their underlying physical mechanism.
Data Used and Method of Analysis
We used the JMA (Japanese Meteorological Agency) catalog for the study of the aftershocks of the Tottori earthquake. We selected all events with M ≥ 2 that occurred from the time of the main shock (October 6, 2000) until January 24, 2001 . The epicenters are included in a rectangle defined by 133
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• 27 N ( Fig. 1(a) ). The symbol A in Fig. 1(a) Fig. 1(b) . An enlarged region A ( Fig. 1(a) ). A1 and A2 indicate two sub-regions for which the aftershock activity is compared (see text). D1 and D2 indicate the profile used for projection in Fig. 4 . Stars mark the epicenters of the main shock and of the largest aftershock in the region.
in Fig. 1(b) . B and C in Fig. 1 (a) correspond to areas where the earthquake activity started about 2.5 days after the main shock. The earthquakes in these regions are not aftershocks in a strict sense; however, we considered it appropriate to include them in this analysis, since they are probably triggered by the main shock. It has been shown, by using the Coulomb failure criterion (Earthquake Prediction Information Division, JMA, 2001) , that these events occurred in regions where the static stress (stress associated with co-seismic fault displacements) increased due to the main shock. As we will see in the next section, the seismic activity in region B is well described by the modified Omori law. For these reasons, we will refer to the seismic activity in these areas as aftershocks. The examination of travel time data for earthquakes used in this study gave us confidence in the earthquake epicenters, since the events of magnitude greater than 2 have a sufficient number of P and S wave arrival times. We used the DPRI, Kyoto University, catalog extensively in order to test whether the results are similar with those obtained from the JMA catalog. We find similar results using the two catalogs. However, we use the results from the JMA catalog, since its magnitude of completeness is smaller for the earliest part of the aftershock sequence.
For the estimate of both the b and p values, it is important to use a data set that is complete for all magnitude bands included in the analysis. The estimate of the magnitude of completeness (Mc) is based on the assumption of a powerlaw Gutenberg-Richter relationship and taken as the magnitude where the first derivative of the frequency-magnitude curve has its maximum. For region A, we used an overlapping moving window technique to compute Mc as a function of time. We choose 150 events/window, the window being moved by 15 events. Figure 2 shows the variation of Mc with time. Mc is highest at the very beginning of the sequence (around two hours), and then decreases very quickly to about 2.3. Four days after the main shock Mc reaches a stable value around 2. This is because just after the main shock, when many aftershocks occurred, the data processing was restricted to larger events. Region B has only around 300 events; therefore the completeness magnitude is determined for all the shocks and not as a function of time. In region C the number of events with M ≥ 2.0 is very small (less than 50) and consequently we exclude these shocks from further analysis.
In Subsection 3.1 we present the results obtained by analyzing regions A and B ( Fig. 1(a) ) separately. Also, based on the difference in the characteristics of the earthquake sequences, we select two sub-regions, A1 and A2 ( Fig. 1(b) ), inside the main aftershock area (A) to study the individual b and p values in relation with the rupture process and the structure of the crust.
In order to ensure completeness in our analysis, two parameters need to be adjusted: (a) a minimum magnitude threshold M min and (b) a minimum time threshold T start , i.e. excluding the first several hours to days from the analysis. We checked some values and chose M min = 3.2 and T start = 0 to determine the frequency-magnitude distribution and the parameters of the Omori law for regions A, A1 and A2. In this way, even though the number of earthquakes is drastically reduced, we can include in the analysis the earliest part of the sequence and assure completeness. For region B, M min = Mc = 2.0 and T start = 0 were chosen.
Due to the large number of events in region A, a more detailed spatial analysis is possible. The method employed is based on a gridding technique, which is described in detail at the end of this section. The obtained results are presented and discussed in Subsection 3.2. All the shocks with M ≥ 2.0 are included except for the events in the first 17 hours (0.72 days) after the main shock. The overall magnitude of completeness has a value around 2.2. By doing this, we do not include data with severe incompleteness, but have enough remaining events for a meaningful spatial analysis. In addition, the completeness magnitude is checked spatially, as outlined below.
The b-value in the frequency-magnitude relation (Eq. (1)) has been determined using the maximum likelihood method (Aki, 1965; Utsu, 1965) , because it yields a more robust estimate than the least-square regression method.
With large samples and slow temporal changes in b, the standard error of b (Shi and Bolt, 1982) is, where
M is the mean magnitude and n is the sample size. The b-value and its standard error are computed also using a least-square method. The results obtained using the two approaches (maximum likelihood and least-square) are similar in general, indicating that the determined b-values do not depend on the method used. We estimate the probability that two samples may come from the same population by Utsu's (1992) 
where and
where, N 1 and b 1 are the number of earthquakes and the b-value for the first sample, respectively; N 2 and b 2 are the number of earthquakes and the b-value for the second sample, respectively. The parameters in the modified Omori formula can be estimated accurately by the maximum likelihood method, assuming that seismicity follows a non-stationary Poisson process (Ogata, 1983) . The method allows one to obtain the asymptotic standard error of the maximum likelihood estimates, based on the variance-covariance matrix of the model. To establish the significance of differences between p-values, we use the 95% confidence limit (1.96 standard deviations) of the difference in the standard deviations of the two p-values.
For all our computations, we used the computer programs ASPAR (Reasenberg, 1994) and ZMAP (Wiemer and Zuniga, 1994; Wiemer, 2001) . The new release of ZMAP (version 6-freely available on Stefan Wiemer's home page, http://seismo.ethz.ch/staff/ stefan/) includes most of the routines we wrote or adapted for Matlab and used for aftershock analyses. The routines are provided with instructions and explanations on their use.
In order to visualize the frequency-magnitude distribution and the decay rate of aftershocks in region A, we used a dense spatial grid of points and consider the nearest epicenters (Ne) for each node of the grid. For each node we estimate the goodness of fit for the observed frequencymagnitude distribution. The algorithm (Wiemer and Wyss, 2000) then determines the minimum threshold magnitude for which the goodness of fit is greater than or equal to 95%. If there is no such magnitude for the given confidence level, a 90% goodness of fit is assigned instead. If, however, the goodness of fit is less than 90% for any threshold magnitude, the magnitude where the frequency-magnitude distribution has its maximum curvature is determined. Wyss et al. (1997) . The spatial mapping of the parameters was done by using the software ZMAP.
In the last part of our study (Subsection 3.3) we analyze the seismic activity that occurred before the Tottori earthquake, in order to get a better understanding of the variations of the pattern of b and p values. We have used the catalog of DPRI, Kyoto University, and selected all the events with magnitudes larger than or equal to 1.5 that occurred between 1978 and the main shock, in an area corresponding roughly with the region A1 in Fig. 1(b) . The overall magnitude of completeness is 1.5. The DPRI catalog was chosen for its better quality compared with the JMA catalog in the same period of time, but both catalogs were used for checking the compatibility of the results. Since the seismic activity before the Tottori earthquake is analyzed mainly as a function of time, the location of events is not an important issue in this case. Therefore, by choosing a lower threshold magnitude (1.5), the accuracy of the results is not affected by possible location errors. (M = 5.0) are located NW from the main shock epicenter. Another qualitative observation can be made in Fig. 4 : the earthquake frequency in the NW part (closer to D1 in Fig. 1(b) ) seems to decay slower with time than in the SE region. Later (Subsection 3.2) we show that a large region in the northwest is characterized by smaller p-values (≈0.8), while the region in the southwest has larger values of p (=1-1.35).
Results and Discussion

Characterization of the aftershock activity in broad areas
Figures 5(a) and (b) show the frequency-magnitude relation for the regions A and B, respectively. The magnitude of completeness was determined with the procedure outlined before, based on the goodness of fit of the data. We found that the completeness magnitude is 3.2 and 2.0 for the regions A and B, respectively. The magnitude of completeness in region A is the same as the largest value found for Mc as a function of time (Fig. 2) . Using these magnitudes of completeness we determined the b-value and its standard deviation, as well as the a-value of the Gutenberg-Richter relation. The rather large value of b (=1.28) in region A shows a relative abundance in small earthquakes. The bvalue in region B is close to 1.0. is assumed to be 0 in both cases. The p, c and K parameters were obtained using the maximum likelihood procedure and the occurrence rate was modeled by the modified Omori formula (Eq. (2)). The obtained parameters ( Fig. 6(a) ) have small standard deviations and the quality of fit is very good in both cases, according to the chi-square test. There is no significant difference in the p-value between the two cases. However, the c-value shows a significant difference. This result agrees well with that of Utsu et al. (1995) . They pointed out that the p-value is independent of Mmin, but the c-value depends heavily on the magnitude completeness of the data. We can conclude that for the whole aftershock region the value of p is close to 1 and the c-value is around 0.01 days. The p-value obtained for region A is close to 1. Mogi (1962c) estimated p-values for 31 aftershock sequences in Japan, and discussed their geographical distribution. In general, p-values are high for sequences on the Japan Sea side and low on the Pacific Ocean side. Mogi (1967) thought that the aftershock activity decays faster ( p ≥ 1.3) in regions of higher crustal temperature where the stress relaxes faster, based on the distribution of surface heat-flow values which are higher on Japan Sea side and lower on the Pacific Ocean side. The p-value for region A seems to be an exception, from this point of view. The p-value in region B has a relatively small value, indicating a slow decrease of earthquake rate in time. We attempt to explain this rather low value of p in Subsection 3.2, when more information about the p-value variation in space will be available.
There are two opinions regarding the value of c: one is that essentially c equals to 0, and all the reported positive c-values result from incompleteness in the early stage of an aftershock sequence and another is that positive c-values do exist. In the first case, if c = 0, n(t) in Eq. (2) diverges at t = 0. According to Kagan and Knopoff (1981) this difficulty can be explained by considering that the main shock is a multiple shock composed of numerous sub-events occurring in a very short time interval. In some cases, positive c-values have been obtained for well-observed and selected data (see Utsu et al., 1995) . Yamakawa (1968) considers that the larger c-value (c > 0.01 days) reflects more complex features of the rupture process of the main shock. In our case, the fit of the decay rate of earthquakes in region A indicates that c-value is small (about 0.01 days or less), but has probably a non-zero value. In the case of region B, the c-value is certainly very small, probably 0 or very close to 0. Based on the results obtained for both regions A and B, the c-value may reflect features of the rupture process, which is more complex for larger magnitude earthquakes.
So far, we presented a comparative analysis of aftershock activity in the regions A and B. The rather large area and the number of earthquakes available justifies a more in depth analysis for region A. Therefore, we have chosen two subregions A1 and A2 (Fig. 1(b) ) in Region A and analyze the parameters for these two areas. The areas were chosen based on some characteristics of the seismic activity. The sub-region A1 corresponds to the areas ruptured by previous moderate events (M is about 5) in the swarm-like activities in 1989 , 1990 . Also, this area corresponds roughly with the largest slip on the fault during the main shock (Yagi and Kikuchi, 2000; Sekiguchi and Iwata, 2000) . Sub-region A2, situated in the NW portion of region A, had not ruptured for more than 20 years before the 2000 main shock. In addition, as pointed out by Ohmi et al. (2001) and Fukuyama et al. (2001) , the after- No. of earthquakes = 90 Fig. 7 . Comparison between the frequency-magnitude distributions in the sub-regions, A1 and A2 in Fig. 1(b) . The triangles correspond to region A1 and the squares to region A2. The values of b and a for the two sub-regions and the number of earthquakes for each sub-region are given. 'Prob' represents the probability that the two distributions come from the same population.
shock activity extended towards the northwest (and also in the SE extremity) about one hour after the main shock. As shown in Fig. 1b , the seismicity in sub-region A2 is more diffuse than other parts of the aftershock area. These observations suggest that the A1 and A2 regions have different characteristics and are good candidates for comparing the aftershock activity. Figure 7 shows the frequency-magnitude distribution for the regions A1 and A2, for events larger than or equal to 3.2 (the magnitude of completeness for region A). Region A1 is characterized by a large b-value of 1.42 + / − 0.1, while region A2 has a b-value close to 1. This result suggests a correlation between the rupture process and the bvalue spatial distribution. Region A1, which experienced rupture during the recent earthquake swarms and also during the 2000 Tottori main shock is characterized by a large b-value, while region A2 (as well as region B studied before) has a lower value of b. Utsu's test confirms that the two frequency-magnitude distributions are significantly different. When checking the p-values for the A1 and A2 areas we could not find a significant difference between the two regions.
We tried to fit other models to the data, like the exponential model, suggested in several studies (Utsu, 1957; Mogi, 1962c; Watanabe and Kuroiso, 1970) as being more appropriate for describing the decay of aftershock activity in later periods of the sequence. For our sequence, the Omori law seems to better describe the occurrence rate decay for all the period considered. Both Utsu (1957) and Mogi (1962c) show that for about 100 days after the main shock, the decay rate is better modeled by Omori's formula for many cases. In our case the total period under consideration is about 110 days. Figures 8(a) and (b) shows the spatial variation in b and p values in more detail, using the procedure described in Section 2. The grid used has a nodal separation of 0.002
Detailed spatial distribution of b and p values in region A
• (about 0.2 km). The closest Ne = 150 events for each node were considered and Ne min is taken as 100. Thus, b and p values for each node are computed by using between 100 and 150 earthquakes. The parameter values for nodes where the sampled earthquakes (150) are within r = 2 km distance from the node are represented by using a color code, on the map. Ne and r can be thought as resolution parameters. An important assumption is that we chose a fixed c = 0 days, in the modified Omori formula for the estimation of p-value, since T start (=0.72 days) is much larger than the value of c (≈0.01 days) for region A. The magnitude of completeness was carefully checked for each node of the grid, as explained in Section 2. The magnitude of completeness varies spatially between 2.0 and 2.3, but, for most of the nodes, it has a value of 2.0. As a consequence, b and p values were determined using 150 events for most of the nodes. The range of values for Mc agrees with the decreased values of about 2, observed after several hours when studying Mc as a function of time (Fig. 2) .
The b and p values, obtained as described above, are shown in Figs. 8(a), and (b), respectively. The b-values in Fig. 8(a) vary between about 0.8 and 1.4. The goodness of fit for the frequency-magnitude distribution at each node is between 86% and 98%. However, the goodness of fit is larger than or equal to 95% for most nodes. The standard deviation of b-values varies spatially between 0.06 and 0.13, with most of the standard deviations less than 0.1. The pvalues in Fig. 8(b) vary between 0.51 and 1.35 with standard deviations less than 0.1.
In order to demonstrate the difference of b-values clearly, we have chosen two regions R1 and R2 (Fig. 8(a) ), having 150 earthquakes each, and compute their frequencymagnitude distribution. The graphs, together with some relevant parameters, are presented in Fig. 9 . As can be seen, the b-value for region R1 is 0.79+/−0.06, while 1.27+/−0.10 for region R2. The probability that the two distributions come from the same mother population, as computed by Utsu's test, is very small (=0.00016).
The differences in p-value for the regions R3, R4 and R5 (Fig. 8(b) ) were also tested and the results are presented in Figs Fig. 10(a) show clearly that the distributions from regions R3 and R4 are different. Also, applying the test suggested in Section 2, the difference is found significant at 95% confidence limit. In Fig. 10(b) we compare the decay of aftershock activity in the regions R3 and R5. The p-value for region R5 is 1.27 + / − 0.07. Again there is a significant difference between the two distributions. Checking the decay of the occurrence rate for small samples in the NW part of the aftershock area, we found a decreased goodness of fit for the Omori formula. For this reason, we believe that some very small values of p (0.5-0.8) are not determined well. Figure 10 shows that when using larger samples the p-value is well resolved, so there is a significant difference in pvalues between the regions R3 and R4 and also between R3 and R5.
In the previous section we show that the area of large No. of earthquakes = 128 Fig. 9 . Comparison between the frequency-magnitude distributions in two different regions, R1 and R2 in Fig. 8(a) . The squares correspond to region R1 and the triangles correspond to region R2. The magnitude of completeness is indicated near each sample. The b and a values for the two samples and the number of earthquakes for each sample are given. 'Prob' represents the probability that the two distributions come from the same population.
slip during the main shock (region A1) is characterized by a large b-value, while the regions A2 and B have smaller values of b. Figure 8(a) shows b-values between 1.0 to 1.4 in an area extending roughly 10 km on both sides of the main shock, with the exception of a small patch P1 (Fig. 8(a) ).
The slip distribution on the fault of the main shock for the Tottori earthquake (Yagi and Kikuchi, 2000; Sekiguchi and Iwata, 2000) shows that slip occurred approximately 10 km on both sides of the epicenter of the main shock, along a NW-SE oriented striking fault. Thus, the larger values of b in Fig. 8 (a) correlate with the region where large slip occurred during the main shock. However, largest slip occurred in the southeast region of the earthquake fault where b-value is not largest in value. We believe that the history of previous ruptures together with the slip during the main shock are both responsible for the distribution of b-value. The patch P1, an "isle" of small b-values surrounded by larger ones, seems to correspond to a slight change in the strike of the fault of the main shock, as can be seen from the aftershock distribution. It is plausible to assume that this change may have affected the distribution of bvalue. Probably a very detailed knowledge of the evolution of rupture process and the fault characteristics can explain such exceptions like the patch P1. Wiemer and Katsumata (1999) , by mapping the distribution of b-value within the M7.2 Landers, M6.7 Northridge, M6.2 Morgan Hill and M7.2 Kobe aftershock sequences, found for all four cases that the b-value tends to be high near the area of largest slip of the main shock. In the case of the Tottori earthquake both the history of previous ruptures and the slip during the main shock seem to be responsible for the Fig. 10 . Comparison between the p-value in the modified Omori formula for samples in the regions R3 and R4 (a) and R3 and R5 (b). The circles correspond to region R3 and the crosses to region R4 in Fig. 10 (a) and R5 in Fig. 10(b) . The curves represent the modified Omori formula (c = 0) fit to the data for the three cases. Near each distribution some relevant parameters of the fit are given: the values of p and K in the modified Omori formula, the minimum magnitude for the data and the number of earthquakes in the sample.
observed spatial patterns of b-value. Wiemer and Katsumata (1999) , when studying the b-value spatial distribution for the aftershocks of Landers earthquake, found an increased b-value not only in the region where the slip was highest during the main shock, but also in the area that ruptured about 2 months before in the M6 Joshua Tree event, which occurred relatively close to the epicenter of Landers earthquake. Regarding the higher values of b found in this study, several physical explanations are possible. One can assume that in the areas that experienced larger slip during the main shock and during previous seismic activity, the stress was reduced significantly, favoring higher b-values for the aftershocks. Areas with relatively low b-value, on the other hand, are probably regions under higher applied shear stress after the main shock. According to the Coulomb failure criterion analysis (Earthquake Prediction Information Division, JMA, 2001) both ends of the aftershock area, as well as the regions B and C have an increased stress due to the main shock. Alternatively, one can hypothesize that the areas that experienced slip are more fractured, favoring higher b-values (Mogi, 1962a; Main, 1996) . For a more detailed discussion of various mechanisms that can affect the b-value (and p-value) spatial distribution, we refer to Wiemer and Katsumata (1999) . Mori and Abercrombie (1997) demonstrated that there is a clear depth-dependence of earthquake frequency-magnitude distributions in California, b-value decreasing with depth. The authors suggest that the b-value variation is due to decreasing heterogeneity with depth and greater stress. Shibutani et al. (2001) showed that the aftershocks of Tottori earthquake are shallower in the northwest part and also in the SE extremity of the aftershock area. If the spatial variation in b-value were a consequence of the depth distribution of the events, one would expect the value of b to be larger in these regions, which is not the case. Therefore, the lateral variations in b-value are probably related to the slip distribution during the main shock and previous ruptures. However, the crustal structure may explain some details of the b-value spatial distribution.
There are two main regions that are characterized by higher values of p (=1.2-1.35); one is the area marked as P2 in Fig. 8(b) and another one is R5 region, in the vicinity of the largest aftershock in region A (Fig. 8(b) ). The former region corresponds quite clearly with the distribution of largest slip during the main shock (Yagi and Kikuchi, 2000; Sekiguchi and Iwata, 2000) . Similar observations were made in the case of the Morgan Hill aftershock sequence (Wiemer and Katsumata, 1999) : the volumes that experienced a high slip during the main shock have faster decay rates (i.e. larger p-values). They hypothesized that in some instances the frictional heating created during the main shock influences the p-value. Frictional heating is concentrated in high slip areas and causes a faster decay of aftershocks in these regions. This model, according to Wiemer and Katsumata (1999) , is consistent with the findings of Kisslinger and Jones (1991) , that describe that areas of high heat flow in the crust tend to have a higher p-value. In our case, the regions where the slip was large during the main shock probably also experienced such an increased frictional heating. Besides the slip during the main shock, the recent seismic activity in the region A1 may have produced also an increase in the frictional heating, which in turn favored a larger p-value observed in the region surrounding the main shock epicenter. However, because of the moderate size of these previous events, the associated frictional heating was probably relatively small. The relatively large value of p in R5 area cannot be readily explained. The local crustal properties might be responsible for this significantly larger p-value. Thus, the heterogeneity of the crust may be related with the spatial variability of p-value (Mikumo and Miyatake, 1979; Utsu et al., 1995) . It may be also possible that the occurrence of several aftershocks with M ≥ 4.3 (the largest M = 5.0) reduced the local stress, accelerating the decay of seismic activity. The large value of p in R5 area explains why we couldn't find, in the previous section, a significant difference between the regions A1 and A2, when analyzing their p-values.
As we mentioned in the previous section, the p-value in the region B is significantly small. Also, as can be seen in Figs. 8(b) and 10, a large area in the NW extremity of region A is characterized by relatively small p-values. The activity in these regions continues with a small occurrence rate even after seven months from the main shock. We consider that this rather low decrease rate occurs in regions that did not experience significant recent ruptures. We cannot conclude without a brief discussion on the correlation between b and p values. The results obtained in the previous section show that both b and p values are less in region B than in region A. As Figs. 8(a) and 8(b) indicate, the largest b and p values within region A are found in the vicinity of the main shock, while the smallest values are found in the NW region. However, in a part of the NW region, around the large aftershock of M5.0, p-value is high despite of a small b-value. While it can be noticed that the region A1 (previously ruptured area) is generally characterized by relatively large b and p values, the highest values of both parameters are found in slightly different places, R2 ( Fig. 8(a) ) for b-values and R4 (Fig. 8(b) ) for pvalues, respectively. We do not have yet a clear explanation for such features, but we can speculate that they are an effect of both stress and crustal structure at a local scale (Ito and Enescu, 2001) .
The significant spatial variation in both b and p values found in this study confirms the idea by Wiemer and Katsumata (1999) and Wiemer (2000) that the aftershock hazard after a main shock can be substantially improved if accurate information regarding the parameters spatial distribution is provided immediately following the main shock. This idea is based on the fact that the aftershock hazard depends strongly on both b and p values (Wiemer and Katsumata, 1999) .
Finally, we would like to point out that we rigorously checked the completeness of magnitude as a function of time and space. However, we do not exclude that the Mc values are underestimated in some limited cases, especially around the epicenter of the main shock. Therefore, the values of b and p might be also underestimated. The correction would be an increase in these values around the main shock. However, such an increase would favor the hypothesis that large b and p values occur in regions that experienced larger slip during the main shock.
We believe that the spatial patterns observed for both b and p values are reliable and are not due to some systematic artifacts in the catalog. Our opinion is based on the stability of the results and also the fact that both JMA and Kyoto University catalogs show similar spatial distributions of the parameters. 3.3 The seismic activity before the 2000 Western Tottori earthquake As can be seen in Fig. 1(c) , the region characterized by increased seismic activity due to the occurrence of several moderate earthquakes and their aftershocks in 1989, 1990 and 1997 corresponds well with the A1 area ( Fig. 1(b) ). Figure 11 shows the cumulative number curve for the earthquakes in Fig. 1(c) , from 1978 to the M7.3 Tottori earthquake. The threshold magnitude is 1.5, the overall magnitude of completeness. The seismic activity is low until 1989, but starts increasing after 1989, in association with and TP2, respectively, and were computed using the modified Omori formula. The magnitude of completeness for the two time periods is 1.5 and 2.5, respectively. No. of earthquakes = 65 Fig. 12 . Comparison of the frequency-magnitude distribution before (triangles) and after (squares) the 1997 M5.5 earthquake. Some relevant parameters for each distribution, as well as the probability that the two distributions come from the same mother population are given. "Mc" marks the magnitude of completeness (also threshold magnitude) in each case.
several moderate sized earthquakes. The aftershocks following the M5.5 earthquake in 1997 are characterized by a relatively faster decay than the aftershocks following the moderate events in 1989 and 1990. The p-value given after each sequence, corresponding to the time periods TP1 and TP2 (Fig. 11) , supports this observation. Figure 12 compares the frequency-magnitude distribution for the earthquakes that occurred before and after the 1997 M5.5 earthquake, taking into account the magnitude of completeness for the two periods of time. There is an increase in b for the later time period and a clear difference between the two distributions. Utsu's test shows that the distributions are significantly different.
The above results suggest that the seismic activity has different characteristics before and after the M5.5 earthquake.
The M5.5 earthquake probably ruptured the whole A1 area, while the moderate earthquakes that occurred before ruptured only parts of the same region Matsumura, 2001) . This suggests that the M5.5 event and its aftershocks "prepared" the fault for the occurrence of M7.3 Tottori earthquake. In this respect, our previous assumption (Subsections 3.1 and 3.2) that the ruptures before the Tottori earthquake have influenced the characteristics of the seismic activity, in particular the spatial distribution of b and p values of the aftershocks of the 2000 Tottori event, proved to be true. The results argue that, besides the rupture during the 2000 Tottori earthquake, the rupture during the 1997 M5.5 event is responsible for the large b and p values found in the region A1 (Subsections 3.1 and 3.2). The large incompleteness of data immediately after the Tottori earthquake does not permit an analysis of b-value variation in time. However, qualitatively, based on the value of b before the Tottori earthquake and our work with the aftershocks of the 2000 Western Tottori earthquake, we guess that the b-value in region A1 continues to increase after the Tottori earthquake, reaching a stable, higher value several days after the main shock. As we have shown already, b has values between 1.0 to 1.4 for aftershocks in the region A1.
Conclusions
1. The b-value for the main aftershock region (A), computed by using events with M ≥ 3.2 (Mc = 3.2), equals to 1.28 + / − 0.06. When analyzing in more detail the spatial distribution of b-values within region A, the b-value (1.42 + / − 0.11) is larger in an area that experienced large slip during the main shock and/or recent previous ruptures. In contrast, regions where there was no recent seismic activity and relatively small slip during the main shock have rather small values of b. Region B of triggered seismic activity is characterized by a relatively low b-value of 1.05 + / − 0.062.
2. The modified Omori formula models well the decay of the occurrence rate in both regions A and B. Fitting the data for earthquakes with M ≥ 3.2, we obtained p = 1.05 + / − 0.03 and a c-value about 0.01 for region A. The value of c is small, but seems to have a non-zero value. For region B, the p-value is relatively small: 0.83 + / − 0.03 and the c-value is probably zero or very close to zero. Within region A the p-value shows a significant spatial variability.
3. Both b and p parameters show a significant change as a function of space. The b-value is found to vary between 0.8 and 1.4, while p-value varies between 0.8 and 1.35. These results argue that it is an oversimplification to assign one single b and p value to an aftershock sequence.
4. The spatial variations in the parameters b and p are important, and may reflect the rupture process of the main shock and/or the crustal heterogeneity in the aftershock region. Our results suggest that the rupture process of the Tottori earthquake and previous earthquake activity are the most important factors in controlling the spatial distribution of both b and p value. The rather large b-values found for areas that have ruptured recently may be explained by the relatively low stress in these regions. Areas with relatively low b-value, on the other hand, are probably regions under higher applied shear stress after the main shock. Alternatively, one can hypothesize that the areas that experienced slip are more fractured, favoring higher b-values. The larger p-values correlate with the regions that experienced large slip during main shock, while small p-values are found generally in regions which did not experience significant rupture. The p-value might be controlled by the frictional heating produced during rupture and/or the heterogeneity in the crust. Future studies are needed in order to understand better the underlying physical mechanism of the b and p value variation patterns.
5. The analysis of seismicity before the 2000 Western Tottori earthquake suggests that the seismic activity associated with some moderate events in 1989, 1990 and 1997 had an influence on the future seismicity in the area, in particular on the spatial distribution of b and p values observed for the aftershocks of Tottori earthquake. The aftershocks of the 1997 M5.5 earthquake have a larger p-value than previous aftershock sequences, while b-value has a significant increase following the M5.5 event.
6. The obtained results indicate some significant correlation between b-value and p-value, which can be summarized as follows. Both parameters are larger in region A than in region B (conclusion nos. 1 and 2). Inside region A one can find larger b and p values for the aftershocks of the Western Tottori earthquake around the epicenter of the main shock and smaller values for both parameters in NW of the region. As pointed out (conclusion no. 5) the b and p values are smaller before the 1997 event than after it. The explanation of such correlated changes relates mainly with stress changes due to experience of previous ruptures (conclusion no. 4).
